The line list is made available in electronic form at the CDS and ExoMol databases.
INTRODUCTION
The biochemistry of living organisms is heavily dependent on phosphorus. It is important for the storage of genetic information in the form of DNA and RNA (nucleic acids) and is a key contributor to the structure of the cell membrane. The discovery of phosphorus-bearing species in the astrophysical arena is thus thought to be of great significance (Macia 2005; Cui et al. 2017; Zerkle 2018) . There have been numerous astrophysical attempts to detect diatomic phosphorus molecules. To date, only PO (Tenenbaum et al. 2007) , PN (Ziurys 1987) and CP (Guelin et al. 1990 ) have been identified in the interstellar medium or circumstellar shells. The discovery of PH has so far eluded astronomers (Hollis et al. 1980; Hjalmarson et al. 2004 ). However models of both the interstellar medium (Thorne et al. 1984; Millar 1991) and (exo-) planetary atmospheres (Visscher et al. 2006) suggest that there are environments where PH should be present in observable quantities. The purpose of this paper is to provide a comprehensive line list for PH to aid in its possible detection and modelling of its spectrum. This line list supplements those of other phosphorusbearing molecules, namely PN (Yorke et al. 2014) , PH 3 (Sousa- Silva et al. 2015) , PO and PS (Prajapat et al. 2017) , produced as part of the ExoMol project (Tennyson & Yurchenko 2012 ).
The electronic ground state of PH, known as phosphinidene, is of X 3 Σ − symmetry. It is a singly-bonded species so has a lower dissociation energy, of D e (PH) ≈ 3.18(3) eV (Luo 2007; Rumble 2018 ) (see detailed discussion below), compared to the multiply bonded phosphorus species which have been detected in space: D e (PN) ≈ 6.3 eV (Curry et al. 1933) , D e (PO) ≈ 5.47 eV (Rao et al. 1981) and D e (CP) ≈ 5.41 eV (Shi et al. 2012) . The spectrum of PH has been well-studied in the laboratory (Pearse & Fowler 1930; Ishaque & Pearse 1939; Rostas et al. 1974; Davies et al. 1975; Di Stefano et al. 1978; Xuan et al. 1978; Ohashi et al. 1984; Ashfold et al. 1984; Droege & Engelking 1984; Gustafsson et al. 1985; Ram & Bernath 1987; Beutel et al. 1996; Ram & Bernath 1996; Hughes & Brown 1997; Klisch et al. 1998; Di Stefano et al. 1999; Fitzpatrick et al. 2003) and its electronic structure has been the subject of a number of computational studies (Bruna et al. 1981; Senekowitsch et al. 1986; Park & Sun 1992; Goto & Saito 1993; Fitzpatrick et al. 2002; Jie-Min et al. 2012; Gao & Gao 2014; Müller & Woon 2013) . As discussed below, a number of these works form key inputs to the present study.
Our general methodology for constructing rotation-vibration line lists is to use available experimental data to characterise the underlying potential energy curve but to use dipole moments computed ab initio; see Tennyson (2012) and . We follow this approach here. Since PH has a triplet electronic ground state, it is necessary to supplement this approach with spin coupling terms ). All nuclear motion calculations are performed with our general purpose, variational nuclear motion program for diatomic molecules, Duo . We give details of this procedure in the remainder of this section.
Potential Energy Curve
The X 3 Σ − and a 1 ∆ PECs were represented using the Extended Morse Oscillator (EMO) function as given by
where D e is the dissociation energy, ξ p is theŠurkus variable given by
r e is the corresponding equilibrium bond length, r ref defines the expansion centre for the ξ p variable (usually taken at r e ) and the integer value p influences how the function extrapolates beyond the data sensitive region. This form allows for extra flexibility in the degree of the polynomial on the left or on the right sides of the reference position, which is controlled by the parameters N = N l and N r , respectively. The empirical parameters V e and β k are derived through refinement to experimental data via a least-squares fit, while the dissociation energies D e are constrained to their experimental asymptotic energies A e = V e + D e (see discussion below).
A set of ab initio MRCI+Q (Multi-Reference Configuration Interaction with Davidson correction) curves for all low lying states of PH from Gao & Gao (2014) is given in Fig. 2 .1.
We used their X 3 Σ − and a 1 ∆ PECs as starting approximations for our model. As there was sufficient experimental data available for the ground electronic states of PH (Ram & Bernath 1987 Goto & Saito 1993; Klisch et al. 1998) , the refined EMO PEC of 5th order was essentially determined by empirical refinement rather than from the ab initio curve of transition have been characterized (Beutel et al. 1996) . Therefore only V e and r e parameters were refined, while all other parameters defining the corresponding EMO PEC of 4th order were fixed to their ab initio values. The final set of potential parameters are listed in Table 1 .
Different couplings and corrections were modelled using the expansion
where z is either taken as theŠurkus variable z = ξ p or using the damped-coordinate z given by: 
where the unitless X and a BOB functions were represented by the (unitless) polynomial g BOB (r) = F (r). The X-state BOB function required a 4th order expansion in terms of damped-z in Eq. (4), while for the a-stated only one C 0 constant from Eq. (3) was needed.
When fitting to the experimental frequencies, we had to include other X-state correction terms, such as spin-spin and spin-rotation, see Yurchenko et al. (2016) , for which the same z-damped expression Eq. (3) was used, of 3rd and 0th orders, respectively. All expansion parameters are given in Table 2 as well as in the supplementary material as part of the Duo input file.
Experimental data was taken primarily from four sources. To determine the X-state curves, submillimeter-wave measurements of the (N ′ = 0, 1) rotational spectrum by Goto & Saito (1993) and the (N ′ = 1, 2) spectrum by Klisch et al. (1998) were combined with frequencies from an infrared Fourier transform spectrometer vibration-rotation spectrum of the ground state of PH by Ram & Bernath (1987) . The infrared study observed five vibrational bands
(1-0, 2-1, 3-2, 4-3 and 5-4) up to a maximum rotation state of J = 21. The X-state data set comprised 381 lines split between six fine-structure resolved branches: R 1 , R 2 , R 3 , P 1 , P 2 and P 3 which characterize the triplet pattern arising from the splitting of the lines from the electronic spin angular momentum along the internuclear axis (i.e. different spin-projections Σ = −1, 0, 1; note that the X state is Hund's case (b) so these projections on the inter- nuclear axis are not good quantum numbers). These data allowed the lowest 6 vibrational states (v = 0 . . . 5) to be characterised. The hyperfine structure of the submillimeter-wave frequencies (Goto & Saito 1993; Klisch et al. 1998) were averaged. For the a-state, 64 a-X IR transition frequencies (0-0 band) from Beutel et al. (1996) were used.
According to Rumble (2018) (with the original reference to Luo (2007) D e (X) = 25 700 cm −1 was adopted as the dissociation energy of the X state in our calculations. Throughout the refinement phase, the equilibrium distance r e was kept fixed at r e = 1.4221Å, as spectroscopically determined by Ram & Bernath (1987) .
The dissociation channel for the a states can be estimated using the phosphorus atom excitation energy ( 
Ab initio Dipole Moment Curves
PH has a permanent dipole and can be represented by a dipole moment curve (DMC) which
shows the variation of the dipole with internuclear separation. Gao & Gao (2014) computed Table 4 . A comparison of experimental sub-millimeter frequencies (in cm −1 ) for the X 3 Σ − state of 31 PH from Goto & Saito (1993) and Klisch et al. (1998) (Obs.) with those calculated using Duo (Calc.). an ab initio DMC for the X 3 Σ − state of PH using an aug-ccpV5Z basis set at the MRCI+Q level of theory. We used the same method to compute the DMC for the a 1 ∆ state with the MOLPRO program (Werner et al. 2012) . These DMCs are illustrated in Fig. 2 .2. As expected for a neutral species, the dipole moments tend to zero at large bond lengths.
The X 3 Σ − state ab initio dipole moment has an equilibrium value of 0.4771 D. This compares reasonably with other theoretical study equilibrium values. Müller & Woon (2013) calculated dipole moments at a number of theoretical levels, using a variety of basis sets.
An AV5Z basis set at the coupled cluster (CCSD (T The DMCs were represented analytically using the damped-z expansion given by Eq. (3).
This was done in order to reduce the numerical noise in the calculated intensities for high overtones; see recommendations by Medvedev et al. (2016) . These DMCs and the empirically defined curves constitute our spectroscopic model, which was then used with Duo to produce a PH line list. The corresponding expansion parameters are listed in Table 7 . They can also be found in the supplementary data in the form of the Duo input files together with the corresponding grid representations. Ram & Bernath (1987) (Obs.) with those calculated using Duo (Calc.) for a selection of transitions. Table 6 . A comparison of experimental a 1 ∆ -X 3 Σ − (forbidden) frequencies (in cm −1 ) from Beutel et al. (1996) (Obs.) with those calculated using Duo (Calc.). Gao & Gao (2014) and a 1 ∆ DMC was computed as part of this study.
RESULTS

Line list
The spectroscopic model described in the previous sections was used to generate the line list for the ground (X) and first excited (a) electronic states of 31 PH. The LaTY line list was computed using the empirical PECs and correction curves and ab initio DMCs described N : Rotational quantum number; N = J − S ( S is spin). Tables 8 and 9 , respectively. Since Duo works in Hund's case (a) but PH is a Hund's case (b) molecule for the X state, the (±, Λ, Σ, Ω) quantum numbers were converted to N, e/f . For the a 1 ∆ state, N = J, Σ = 0, Λ = Ω = 2.
Here N is the rotational quantum number defined as a projection of N = J − S, where J and S are the total and spin angular momenta, respectively. The states file also gives Landé g-factors for the various states (Semenov et al. 2017 ) which can be used to model the behaviour of these states in a weak magnetic field. 
Partition Function
The partition function, Q(T ) was calculated by summing the energy levels given by Duo for temperatures up to T = 4000 K. ExoMol follows the HITRAN convention (Gamache et al. 2017) , of explicitly including the full atomic nuclear spin in the molecular partition function via the nuclear spin statistical number g ns . Since both P and H have nuclear spins 1/2,
The partition function at a range of temperatures is catalogued in Table 10 . It was compared with sources where the partition function Q(T ) was deduced from polynomial approximations (Sauval & Tatum 1984; Irwin 1981; Barklem & Collet 2016) . The cited partition functions were all multiplied by 4 to match with the HITRAN convention adopted.
It can be seen that all the sources approximately agree other between 1000-4000 K. Below 1000 K, polynomial representations of Q(T ) used by Sauval & Tatum (1984) and Irwin (1981) are not valid; our results are much closer to the modern values of Barklem & Collet (2016) albeit slightly higher probably because of our full treatment of electron spin effects.
Above 4000 K our values for Q(T ) are lower than those of Sauval & Tatum (1984) and Barklem & Collet (2016) ; these works include the contribution from electronically excited states which we neglect. from CDMS agree with that from this work. At 300 K, the CDMS value was 302.12, while our value is 302.14. The line strength depends on the dipole moment squared. With this in mind, our intensities are about 1.27 times higher than those given by CDMS. We suggest that CDMS may wish to re-scale their intensity values to ours. Conversely, the CDMS frequencies rely directly on data taken in the same frequency region and include the hyperfine components and must be considered more accurate than ours in this region; they should be used for any attempts to detect PH in the interstellar medium. 1942 1944 1946 1948 1950 1952 1954 1956 1958 1960 0 
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CONCLUSION
A comprehensive line list for the ground (X) and first excited (a) electronic states of 31 PH, known as LaTY, is presented. It is based on an accurate PECs, BOB, SS and SR curves obtained by fitting to a set of experimental transition line frequencies and extrapolating to higher ro-vibrational levels and ab initio dipole moment curves. Future work can include analysis and investigations of higher electronic states of PH with the aim of creating a line list appropriate at shorter wavelengths. Previous studies on the low-lying b 1 Σ + of PH Xuan et al. 1978; Di Stefano et al. 1999) as well as on the strongly dipole-allowed A 3 Π -X 3 Σ − system (Fitzpatrick et al. 2002 (Fitzpatrick et al. , 2003 Gao & Gao 2014) in the near-ultraviolet provide a good starting point for future analysis of the PH molecule.
The line list can be downloaded from the CDS, via ftp://cdsarc.u-strasbg.fr/pub/cats/J/MNRAS/, or http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS/, or from www.exomol.com.
